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[1] Surface erosion is the most significant process responsible
for the recycling of continental crust into the upper mantle, and
controls both exhumation in mountain belts and the long‐term
global climate via chemical weathering. Earlier studies have
highlighted the importance of climate instability since the
onset of Northern Hemispheric Glaciation (∼3 Ma) as being
the primary influence causing high erosion rates since that
time. Here I show that synchronous pulses of erosion and
exhumation occurred across Eurasia, in North America and
in Africa starting after 33 Ma, with a prominent peak
around 16 Ma. Correlation of these erosional events with
changes in global climate suggests that they are controlled
by surface processes. Because these climate events involve
both cooling and warming periods the importance of
increased seasonality is emphasized as being the key factor
in controlling global erosion and exhumation throughout
the Cenozoic. Citation: Clift, P. D. (2010), Enhanced global
continental erosion and exhumation driven by Oligo‐Miocene
climate change, Geophys. Res. Lett., 37, L09402, doi:10.1029/
2010GL043067.

1. Introduction
[2] The erosion of the continental crust is the primary way
in which the solid Earth and the atmosphere interact and is
the driving force behind many of the most important processes shape the evolving Earth. Erosion thins the continental crust and transports sediment into the deep oceans.
Erosion also limits the recycling of continental crust to the
upper mantle via subduction zones by controlling how much
material reaches trenches, where it may be recycled below
arc systems [Clift et al., 2009]. In addition, chemical
weathering of eroded silicate minerals is known to drawn
down atmospheric CO 2 levels [Raymo and Ruddiman,
1992], and thus controls climate over long periods of geologic time [Berner and Berner, 1997]. The links between
erosion and mountain building are especially contentious
because while some argue that tectonically‐driven rock
uplift in continental collision zones is the dominant influence on erosion rates [Burbank et al., 2003], others note that
the deep exhumation found in mountains can largely be
ascribed to focused erosion driven by climatic processes
[Beaumont et al., 2001].
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2. Quantifying Erosion and Exhumation
[3] Exhumation processes can be quantified either by
assessing how quickly rocks have been brought to the surface using thermochronological methods, or by determining
eroded volumes stored in sedimentary basins, and seeing
when these were transported there from their sources.
Exhumation can be caused by extension, but when erosion
and exhumation coincide we can infer that unroofing is
driven by erosion, which necessarily requires a climatic
component, because surface uplift in the absence of rainfall
or glaciation does not drive exhumation. In this study I
examined sedimentary volumes on continental margins in
Eurasia, Africa, as well as in South and North America
(Figure 1) to reconstruct variability in Cenozoic erosion
rates. While there is little doubt that sedimentation and
erosion rates increased sharply after ∼3 Ma [Zhang et al.,
2001], evidence for earlier global phases of enhanced erosion is limited [Molnar, 2004]. I examined changing erosion
using the sedimentation rates in a series of deltas, largely but
not exclusively lying in the northern hemisphere (see
auxiliary material).3 I have particularly focused on regions
of Cenozoic tectonic deformation where erosional signals
are stronger than in stable continental crust. These latter
regions typically show slow erosion prior to ∼3 Ma, likely
reflecting the less erosive conditions and higher sealevels
that existed before the onset of Northern Hemispheric
Glaciation. While erosion in tectonically active zones can
be triggered by local rock uplift, synchronous phases of
enhanced erosion over wide regions may be interpreted to
reflect a climatic influence.
[4] The Andes poses a special problem for this study
because by extending in a N–S orientation they straddle
many climate zones, with varying rates of erosion because
of the varied environmental conditions. Furthermore, sediment shed from the Andes into the Pacific Ocean has mostly
been subducted, while that transported to the east is largely
stored in the foreland basin, whose volume and age structure
is not well known. Overspill of sediment into the Amazon
Fan has only occurred since ∼10 Ma [Cobbold et al., 2004].
In an attempt to account for the Andes I examined the Lima
Basin offshore Peru, adjacent to the Central Andes, and
compared it with published rates for the central Andean
foreland [Uba et al., 2007], which lies to the east of the
ranges.
[5] The Andean situation contrasts with the Himalaya‐
Tibetan orogen where continental basins are mostly full and
represent ∼30% of the total sediment flux [Clift, 2006]. This
means that variations in deep‐sea sedimentation are good
proxies of continental erosion rates in that region.
3
Auxiliary materials are available in the HTML. doi:10.1029/
2010GL043067.
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Figure 1. Map showing the array of drainages considered in this study.
[6] Although East Asian river systems may have been
affected by headwater capture events, which would affect
the flux to a single delta [Clark et al., 2004], this complication was avoided by pooling all the deltas of this region
together in order to integrate regional rock export rates. In
each case rates of sedimentation were determined by
unloading and decompacting dated sedimentary packages
imaged by regional seismic reflection profiles. This was
done in order to account for the greater compaction of older,
deeper buried units. Where possible several profiles were
used to account for thickness variabilities across a basin and
the relative rates for the 2D profiles were then applied to the
total volume of the basin in order to calculate sedimentation
rates. In contrast, sedimentation rates at single boreholes are
poor mass flux proxies because they can be affected by
many factors, especially accommodation space. A new
budget was constructed for the northern Caucasus based on
published regional seismic profiles across the northern
foreland [Ershov et al., 2003]. The results of these analyses
are shown in Figure 2.

3. Temporal Variation in Erosion Rates
[7] Comparison of the different sedimentary budgets
shows a common first‐order pattern of flux to the basins
from the major river systems. All the budgets show slow
sediment delivery and presumably modest erosion rates
during the Eocene, increasing markedly during the Oligocene (∼33 Ma). Comparison with eustatic sealevel reconstructions suggests that falling sealevel is not the trigger for
the enhanced sedimentation (Figure 2h). In addition, most
budgets were derived from sections spanning shelf and slope
and thus should not be affected by sealevel. In some cases
the lack of detailed age control makes close comparison
between one budget and another impossible. However, the
European Alps, the Himalaya, SE Asia, the Zambezi and
Angola all show well defined peaks around 16 Ma [Wan et
al., 2009], following the initial Oligocene increase in sedimentation rates. No good sediment budget has yet been
published for the Niger delta, but this too shows a clear
sharp increase in sedimentation rates during the Oligocene
following slow rates in the Eocene [Doust and Omatsola,
1990].

[8] In the cases of the Alps, the Himalaya and the Rockies
it is also clear that exhumation rates in the mountains parallel the sedimentation rates in the adjacent basins and that
periods of erosion in each range correlate with each other,
especially between the Alps and the Himalaya. This pattern
indicates that orogenic exhumation in these areas must be
largely controlled by erosional processes, not local tectonic
forces. The relative lack of erosion and cooling data in the
Caucasus makes this region harder to reconstruct in detail,
yet the existing thermochronology shows that the onset of
rapid exhumation dates back to ∼33 Ma [Vincent et al.,
2007], coincident with the increase in clastic flux to the
foreland basin. Clastic pulses were noted at 16–17, 13–14
and 10–11 Ma in the Iranian Caucasus [Ballato et al., 2008],
and sedimentation rates in the Black Sea also doubled
between the Eocene and the Oligocene [Tugolesov and
Meisner, 2002]. Despite the fact that we lack a good
Andean erosion record there is evidence of enhanced erosion in the Oligocene in the Lima Basin, in the Argentine
Precordillera [Deeken et al., 2006] and in southern Chile
[Thomson et al., 2001], while exhumation accelerated in
Ecuador [Spikings and Crowhurst, 2004] and the Argentine
Precordillera [Deeken et al., 2006] during the Mid Miocene.
Nonetheless, the Andean basins show the most marked
departure from the general pattern in pointing to increased
erosion after ∼12 Ma (Figure 2i). Assuming this 10–12 Ma
pulse is real, this may relate to a rapid increase in altitude at
this time of the Andes‐Altiplano [Garzione et al., 2006].

4. Triggers for Synchronous Erosion
[9] Explanations for these clastic pulses vary between
different regions and usually involve tectonically driven
surface uplift. For example, Burke and Gunnell [2008] argue
that mantle‐driven uplift under Africa in the Oligocene is
the trigger of widespread surface uplift across that continent.
Onset of Arabia‐Eurasia collision during the Miocene has
been invoked as the trigger for enhanced erosion in the
Caucasus [Vincent et al., 2007], while changes in plate
convergence rates are a possible cause of Miocene Himalayan exhumation [Molnar and Stock, 2009]. While each
model by itself is reasonable, collectively the synchronous
nature of the erosion is hard to explain only in terms of local
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Figure 3. (a) Sedimentation rates in the European Alps
[Kuhlemann et al., 2001] compared with (b) the Li/Ca
ratio measured from pelagic foraminifers [Hathorne and
James, 2006] and (c) the Hf isotopic evolution of the
global ocean waters [Piotrowski et al., 2000], showing the
first order coupling between global erosion and weathering
intensities during the Cenozoic.
tectonic forces. Although it is possible that the Earth has
experienced global tectonic paroxysms at various times, an
alternative and more plausible explanation is that widespread erosion was driven by changes in global climate, as
has already been argued for the Plio‐Pleistocene [Molnar,
2004; Zhang et al., 2001]. The argument that climate
change could be responsible for exhumation events in a
single mountain range has been made [Cederbom et al.,
2004; Clift et al., 2008], but because regional climate is
linked to global climate it should be asked whether a climatically driven exhumation event in one range might correlate with one in another area. The close correlation
between the well defined timing of erosion and exhumation
in the Himalaya and the Alps in particular (Figures 2c
and 2f), which involves three separate tectonic plates, is
especially suggestive of a climatically driven trigger.
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[10] Comparison of the erosion and exhumation data with
the global d 18O compilation of Zachos et al. [2001] provides
some indication of what climate changes are linked in time
with the erosional pulse (Figure 2k). The most dramatic
increase in the erosion rate at ∼33 Ma correlates with a time
of rapid cooling as the first ice sheets formed in Antarctica.
There is a less well defined increase in erosion at the start of
the Miocene ∼24 Ma, that marks the end of this cooler period, but the maximum erosion rates correlate with a time of
strong warming at the Mid Miocene Climatic Optimum
∼16 Ma [Wan et al., 2009]. It thus appears that heightened
erosion is associated with both cooling and warming
episodes.
[11] Figure 2k shows how the rate of change of d 18O
varies during the Cenozoic is linked to the erosion pulses
[Zachos et al., 2001]. Although the degree of climate
instability is somewhat less in the Miocene‐Oligocene than
during the Plio‐Pleistocene, the onset of faster erosion
correlates with the start of greater climatic instability after
33 Ma. The lack of large Oligocene erosional pulses offshore tectonically stable regions, such as eastern North
America or southern Australia, demonstrates that the climatic forcing of erosion is not as strong in the Oligocene as
it is in the Plio‐Pleistocene.
[12] Many of the regions discussed here were never
directly affected by glaciation. Instead the enhanced erosion
may be caused by changes from drier to wetter and more
seasonal climates, which have been argued to be more
erosive than less variable conditions [Molnar, 2001].
Although temperatures in low latitudes did not fall much
after 33 Ma, stable isotopes in shells in the Gulf of Mexico
[Ivany et al., 2000] and pollen in the North Atlantic [Eldrett
et al., 2009] indicate that winters became much colder
because of increasing seasonality at that time. Climatic
modelling further suggests that the Oligocene and Early
Miocene were times when seasonality was strong in South
America, Africa and South and SE Asia, favoring development of scrubby vegetation, susceptible to erosion
[Cosgrove et al., 2002].
[13] Figure 3 shows how variations in clastic flux to the
ocean are also coupled to geochemical proxies for the
intensity of chemical weathering. Hf isotopes in planktonic
foraminfers, recording the waters in which they formed have
been linked to the intensity of chemical silicate weathering
in the continents as delivered by river waters [Bayon et al.,
2006]. Similarly Li/Ca ratios have been interpreted as
proxies of chemical weathering run‐off from the world’s
rivers [Hathorne and James, 2006]. In Figure 3 these
records are compared with the erosional flux from the Alps,
as being a good example of the global erosion pattern,
although matches can also be made with the budgets in SE

Figure 2. Reconstructed sediment budgets for major drainage basins showing the peak in sedimentation rate during the
Mid Miocene, following a marked increase in rates since the start of the Oligocene, ∼33 Ma. Grey shading shows Oligocene
Oi‐l glaciation, orange shading the Mi‐l glaciation [Zachos et al., 2001], while yellow highlights the period of the Mid
Miocene Climatic Optimum. (a) Northern Caucasus, (b) Mississippi [Galloway, 2008], (c) European Alps [Kuhlemann et
al., 2001], (d) Zambezi [Walford et al., 2005], (e) Indus Fan [Clift, 2006], (f) Himalayan exhumation [Clift et al., 2008],
(g) SE and East Asia [Clift, 2006], (h) Angola‐Congo [Lavier et al., 2001] together with eustatic sealevel of Miller et al.
[2005], (i) Andean forearc, Lima Basin and central Andean foreland [Uba et al., 2007] and (k) global deep sea d 18O
compilation [Zachos et al., 2001] and the calculated rate of change in d18O. See auxiliary material data for source of
sedimentary budgets and exhumation rates. 20% uncertainties are assumed to account for time‐depth conversions and
porosity errors. These do not apply to the Lima Basin drill site.
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Asia, the Himalaya, Angola and even the Andes. We note
that at the first order there is a strong correspondence with
the marine geochemical proxies. A close correlation is
consistent with work indicating links between rates of rock
erosion and chemical weather in tectonically active regions
[Hren et al., 2007].

5. Conclusions
[14] In this study I present evidence for a widespread
increased sediment flux to deltas starting after ∼33 Ma in the
Oligocene and peaking in the Middle Miocene, ∼16 Ma. It is
likely that similar erosional pulses can be detected in other
parts of the world beyond those identified here. However,
reconstructing erosion is hard outside regions of active rock
uplift, or in regions where the sedimentary record has been
lost and the cooling history in the bedrock overprinted by
younger cooling events. Climatic instability appears to be
linked to continental erosion far back into the Paleogene
and this study highlights the synchronous exhumation of
mountains belts across wide areas, most notably the European Alps and the Himalaya, which cannot be driven by
plate tectonic forces alone. Testing and extending this model
will require the availability of regional seismic profiles tied
to high‐resolution age models. The data presented here
show that global climate change is the primary control on
continental erosion and orogenic exhumation, at least
throughout the Northern Hemisphere during the Cenozoic.
[15] Acknowledgments. PC acknowledges help and advice from Bill
Galloway, Andrey Ershov, Dan Lunt, Sam VanLaningham, Kevin Burke
and Harry Doust. The Hanse Wissenschaftkolleg, Delmenhorst, Germany
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